Previous studies have suggested that abnormal visual experience early in life induces ocular motor abnormalities. The purpose of this study was to determine how visual deprivation alters the function and gene expression profile of the ocular motor system in mice. We measured the effect of dark rearing on eye movements, gene expression in the oculomotor nucleus, and contractility of isolated extraocular muscles. In vivo eye movement recordings showed decreased gains for optokinetic and vestibulo-ocular reflexes, confirming an effect of dark rearing on overall ocular motor function. Saccade peak velocities were preserved, however, arguing that the quantitative changes in these reflexes were not secondary to limitations in force generation. Using microarrays and quantitative PCR, we found that dark rearing shifted the oculomotor nucleus transcriptome to a state of delayed/arrested development. The expression of 132 genes was altered by dark rearing; these genes fit in various functional categories (signal transduction, transcription/translation control, metabolism, synaptic function, cytoskeleton), and some were known to be associated with neuronal development and plasticity. Extraocular muscle contractility was impaired by dark rearing to a greater extent than expected from the in vivo ocular motility studies: changes included decreased force and shortening speed and evidence of abnormal excitability. The results indicate that normal development of the mouse ocular motor system and its muscles requires visual experience. The transcriptional pattern of arrested development may indicate that vision is required to establish the adult pattern, but it also may represent the plastic response of oculomotor nuclei to abnormal extraocular muscles.
Introduction
The visual system is anatomically and functionally immature at birth; key properties such as binocularity and depth perception develop postnatally during a species-specific window called the "critical period" (Berardi et al., 2000) . Interference with visual experience during this time leads to alterations in the vision processing centers (Fagiolini et al., 1994) . Less clear is how abnormal sensory inputs early in life influence the ocular motor system. Previous studies suggested that normal visual experience during the critical period is necessary to calibrate the functional characteristics of the ocular motor system. For example, early visual deprivation alters the vestibular-ocular reflex (VOR) and the optokinetic response (OKR) in monkeys and rodents (Collewijn, 1977a; Favilla et al., 1984; Tusa et al., 2001) . For the most part these deficits have been attributed to altered function of the central motor nuclei. However, there is evidence that the peripheral motor plant is disrupted also; for example, monocular lid closure in cats renders the extraocular muscles more fatigable (Lennerstrand and Hanson, 1979) . It also has been shown that there is a critical period for rodent extraocular muscles during which normal visual and vestibular inputs are required for the expression of the extraocular muscle-specific myosin heavy chain (Brueckner and Porter, 1998; Brueckner et al., 1999) . These results point to an important role for sensory experience in the normal development of the ocular motor system and its motor plant. Thus this study was designed to evaluate how visual deprivation early in life with a darkrearing protocol altered the functional characteristics and gene expression profile of the mouse ocular motor system. We combined in vivo eye movement recordings, in vitro extraocular muscle function, and gene expression profiling of oculomotor nuclei to obtain an integrative view of how the ocular motor system changes in response to dark rearing during the critical period. We found that, whereas compensatory eye movements were preserved qualitatively, there was an abnormal reduction in OKR and aVOR gains, likely because of the lack of visual feedback during the critical period. Correspondingly, the altered expression of genes characteristic of neuronal development and plasticity in the oculomotor nuclei from dark-reared mice suggested a state of delayed or arrested development. In addition, dark rearing induced significant functional alterations in the extraocular muscles, including weakness and evidence of abnormal excitability. The magnitude of these muscular deficits was greater than expected on the basis of the observed eye movement changes, suggesting that the central ocular motor controllers can compensate at least partially for the abnormal motor plant and lessen the effect of dark rearing. We conclude that normal visual experience is indeed necessary for the establishment of the functional properties of the ocular motor system.
Materials and Methods
Animals. Experimental use of C57BL mice (Jackson Labs, Bar Harbor, ME) was approved by the Institutional Animal Care and Use Committee at Case Western Reserve University and conformed to National Institutes of Health guidelines for the use and care of vertebrate animals. Timed pregnant mice (gestational day 18) were housed either in a room with a 12 hr light/dark cycle or in a room sealed from visible light. After birth, dark rearing of whole litters was maintained for the entire 8 week duration of the study, which included the postnatal critical period of visual system development. This intervention has been shown to delay the maturation of the visual cortex and disrupt the expression of extraocular muscle-specific myosin (Brueckner and Porter, 1998; Berardi et al., 2000) . Animal care and husbandry were performed under brief (Յ 10 min/d) low-intensity red light illumination (Kodak 1A filter, Rochester, NY), which is below the sensitivity threshold for the rodent visual system (Brueckner and Porter, 1998) . Age-matched control mice were drawn from litters housed under standard lighting conditions. For tissue isolation the mice were anesthetized with ketamine/xylazine (80/10 mg/kg, i.p. injection) and killed by exsanguination after a medial thoracotomy. Extraocular muscles were dissected intact, including a fragment of bony origin and distal tendon for attachment to a force transducer and servomotor (see below). For isolation of oculomotor nuclei, 1-mm-thick sagittal sections of brainstem (0.5 mm on either side of the midline) were cut. Oculomotor nuclei were identified as the oval gray matter 0.3 mm ventral to the aqueduct of Sylvius, quickly isolated, and frozen in liquid nitrogen for storage at Ϫ80°C.
Ocular motor function. Eye movement recordings were obtained in eight dark-reared and six control mice with the use of techniques previously described (Stahl et al., 2000; Stahl, 2002) . Briefly, the animals were prepared several days before the first recordings by surgically implanting an acrylic head fixation pedestal under halothane anesthesia. The pedestal was positioned to maintain the head in a natural position in which a line drawn from the inner to the outer canthus would be in, or pitched slightly down from, the earth-horizontal plane. Animals were maintained in darkness except during recordings and for a few moments before and after surgical preparation. Before each recording session the recorded eye was pretreated with 0.5% physostigmine ophthalmic drops to limit pupil dilation in darkness. During recordings the animal's body was restrained loosely in an acrylic tube with the pedestal securely bolted to an extension of the tube. The assembly was mounted on a turntable and enclosed completely in a drum painted with a highly contrasted pattern. Vestibular or optokinetic stimulation about an earth-vertical axis was accomplished by manual or computer-controlled rotation of the table or drum, respectively. A modified commercial video oculography system (ETL200, ISCAN, Burlington, MA) was used to track the position of the pupil centroid and a reference corneal reflection at rates of 60 or 120 samples/sec (the higher rate being reserved for recording fast phases). The x-y positions of the pupil and reference reflection subsequently were converted to angular eye-in-head position, using a trigonometric algorithm as previously described (Stahl et al., 2000; Stahl, 2002) . Briefly, the trigonometric algorithm is based on knowing R p , the distance between the plane of the pupil and the center of corneal curvature. R p is determined from the relative motion of the pupil and corneal reflection centroids as the video camera is rotated around the stationary animal over a known angle. Because R p is sensitive to pupil diameter (it decreases as the pupil enlarges), the determination is performed at various pupil sizes (achieved by varying illumination levels), and linear regression is used to generate an equation relating pupil diameter to R p (Stahl, 2002) . During data collection the pupil diameter is stored along with pupil and reference reflection positions. Then the pupil position is used to generate an instantaneous value for R p , which in turn is used to convert the separation of the pupil and corneal reflection centers to eye-in-head angle.
Horizontal fast phases were generated by slowly rotating the animal under manual control in the light. The experimenter monitored the image of the eye and adjusted the rotation speed and direction to generate a range of fast-phase amplitudes as well as to ensure that eye velocity was low at the moment of fast-phase initiation. Eye velocity was calculated off-line by differentiating the eye position signal. Candidate fast phases were identified by using a supervised automated program. The program searched the records for moments at which eye velocity surpassed 40°/ sec. The onsets and offsets of each candidate fast phase then were defined by searching forward and backward from the 40°/sec point for the moments at which eye velocity fell below 5°/sec. The candidate fast phases and their onsets/offsets were reviewed, and candidates were excluded from analysis if they were disrupted by tracking instabilities or if they were felt to represent slow-phase movements. (Because of the intentional sensitivity of the algorithm, it could identify erroneously "post-saccadic" drifts or rapid slow phases as fast phases.) Linear regression was used to extract the slope of the relationship between peak velocity and fast-phase amplitude, with the regression forced to pass through the origin. Abducting and adducting fast phases were treated separately. Values for each animal were based on the average of values obtained from at least two recording sessions performed on different days.
In addition to determining fast-phase dynamics, we also assessed in the same animals the integrity of the mechanisms underlying compensatory eye movements by determining speed tuning curves for the OKR and gains and phases of the angular VOR (aVOR). The aVOR was probed by using sinusoidal rotation in darkness at 0.2 Hz Ϯ 10°amplitude, 0.4 Hz Ϯ 10°amplitude, and 1.6 Hz Ϯ 4°amplitude. aVOR gain and phase with respect to the stimulus were extracted in the conventional manner; table (head) velocity and eye-in-head velocity were calculated by taking the derivatives of the respective angular position signals. Fast phases of vestibular nystagmus were identified by using velocity criteria and were replaced with simulated slow-phase movements (generated by interpolating from the slow-phase movements immediately flanking the fast phases) (Stahl, 2002) . Records then were divided into individual cycles and pointwise averaged to generate a single average cycle of eye velocity and head velocity. Then the amplitude and phase of these averaged curves were extracted by Fourier decomposition. Finally, gain was calculated as the ratio of the amplitude of the eye and table velocities, and phase was calculated as the difference of their phases. OKR was tested in response to a series of 4 sec periods of constant velocity drum rotation at Ϯ 2.5, 5, 10, 20, and 40°/sec, each separated by 3.5 sec periods during which the drum accelerated to a stable velocity with the animal in darkness. For each period of constant velocity drum rotation in the light, fast phases were detected by using velocity criteria and removed; the gap in the data was filled by interpolating from the flanking slow-phase movements. Then the average velocity for the period was calculated. Gain was calculated as the ratio of the average eye and drum velocities. Three to four records were collected per session, and the gains at each stimulus velocity were averaged to generate a gain versus stimulus velocity curve for the session. At least two sessions were performed on different days for each animal, and the resultant curves were averaged to generate a single curve per animal.
Gene expression changes. High-density oligonucleotide microarray studies were conducted as described earlier (Porter et al., 2001) . Briefly, total RNA was obtained from oculomotor nuclei isolated from control and light-deprived mice with Trizol reagent (Invitrogen, San Diego, CA) by following the manufacturer's protocol; nuclei from four to five animals were combined into each independent total RNA sample to lessen the effect of inter-subject variability. Then double-stranded cDNA, including a T7 RNA polymerase promoter site, was prepared. Biotinylated complementary cRNA was transcribed from the cDNA and hybridized to Affymetrix Murine Genome U74Av2 GeneChips (ϳ6000 known genes and ϳ6000 expressed sequence tags, ESTs). Then the microarrays were washed and stained with a streptavidin-bound marker and scanned with a laser scanner. Resulting microarray data were analyzed with Affymetrix Microarray Suite 5.0 software. To test the integrity of the starting RNA, we examined the signal intensity ratio for the 3Ј probe set over the 5Ј probe set for the housekeeping genes ␤-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Affymetrix recommends that samples with ratios higher than 3 or inconsistent between samples be discarded. For the six arrays used in this study, the 3Ј-5Ј ratios were 1.3 Ϯ 0.06 and 0.97 Ϯ 0.08 for ␤-actin and GAPDH, respectively. Once sample quality was demonstrated, those genes with consistent absent/present calls in the three independent replicates per group were considered for further analyses. Treatment comparisons were crossed such that each dark-reared sample was compared with each control (3 ϫ 3 matrix).
The Affymetrix software uses the one-sided Wilcoxon's signed rank test to estimate the statistical significance of "increase/no change/decrease" difference calls and fold changes for each pairwise comparison. Only difference calls (increase or decrease) with p Ͻ 0.05, consistent across all pairwise comparisons and with average changes more than or equal to twofold, were considered significant. This approach resulted in a conservative list of genes with changed expression levels. GeneSpring v4.2 (Silicon Genetics, Redwood City, CA) was used to construct hierarchical clusters of gene probes identified as being differentially expressed. GeneSpring and Cluster v2.20 (available from www.rana.lbl.gov/EisenSoftware.htm) were used to determine whether certain gene clusters or classes were particularly more influential in explaining the effect of dark rearing; principal component analysis (PCA) was performed on mean-centered log-transformed data (Eisen et al., 1998) . Known or putative gene functions were determined from gene ontology classifications from Affymetrix (www.NetAffx.com), Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/omim), and Mouse Genome Informatics (www.informatics.jax.org), and from references listed in GenBank entries (www.ncbi.nih.gov/Genbank/).
To confirm the microarray data, we studied selected genes in oculomotor nuclei from control and dark-reared mice by real-time quantitative PCR (qPCR). Reverse transcription was performed by using Superscript II RNase H Ϫ Reverse Transcriptase (Invitrogen, Carlsbad, CA) with oligo-dT 12-18 primers or random hexamers. Primers for the mRNAs of interest were designed with the software package Primer Express version 1.5 (Applied Biosystems, Foster City, CA) from GenBank nucleotide sequences (Table S1 ; available at www.jneurosci.org). cDNA samples (1 g each) were analyzed in triplicate with the ABI Prism 7700 Sequence Detection System (Applied Biosystems) by using the ABI SYBR Green Master Mix kit and ␤-actin as the calibrator housekeeping gene. The relative abundance of target mRNAs in oculomotor nuclei from control and dark-reared mice was determined with the comparative cycle threshold method (Giulietti et al., 2001; Livak and Schmittgen, 2001) .
Extraocular muscle function. Whole extraocular muscles from darkreared and age-matched control mice were studied within 3 d after the completion of 8 weeks of dark rearing. Isolated muscles were attached firmly to a force transducer (AE801, SensoNor, Horten, Norway) and the movable arm of a servomotor (Aurora Scientific, Aurora, Canada) and positioned between platinum electrodes inside a muscle chamber. The chamber was superfused with a physiological salt solution (in mM): 137 NaCl, 5 KCl, 2.0 CaCl 2 , 1.0 MgSO 4 , 1.0 Na 2 HPO 4 , 24 NaHCO 3 , 11 glucose, and 0.026 d-tubocurarine, bubbled with a 95% O 2 /5% CO 2 gas mixture to maintain pH 7.4 at 25°C. Muscles were stretched to the length giving maximum tetanic force (optimal length, L 0 ). Force measurements (in Newtons) were normalized to muscle cross-sectional area (cm 2 ). The unloaded shortening velocity (V 0 ) of isolated extraocular muscles was determined with slack tests (Claflin and Faulkner, 1985) . Briefly, muscles were stimulated to contract maximally for 350 msec; 250 msec into the stimulation train the muscle was shortened abruptly, causing force to fall to zero. The time to take up the slack and redevelop force was measured after rapid releases of at least four different amplitudes (between 5 and 11% of L 0 ) performed in consecutive tetani at 2 min intervals. V 0 , in L 0 /sec, was calculated as the slope of the linear regression line in plots of the release amplitude versus the time to take up the slack. After we measured all other functional properties, fatigue was induced by stimulating muscles at a frequency giving approximately one-half of maximal tetanic force (50 -70 Hz) for 500 msec, followed by a 1.5 sec interval between contractions for 10 min.
Data analysis. All results are presented as means Ϯ SEM of n observations, unless otherwise noted. Statistical significance was determined at the 95% confidence level by Student's t test for either unpaired or paired samples as indicated; the treatment effect in the fatigue runs was determined by ANOVA. Figure 1 shows a typical velocity/amplitude plot constructed from 123 fast phases. Velocity/amplitude relationships exhibited a high degree of uniformity and linearity for both light-deprived and control animals. Unlike velocity/amplitude plots in primates (Fuchs, 1967; Boghen et al., 1974; Baloh et al., 1975) and headfree rabbits (Collewijn, 1977b ) but similar to those reported for cats (Evinger and Fuchs, 1978; Harris and Cynader, 1981) and guinea pigs (Escudero et al., 1993) , there was no tendency for velocity to saturate with increasing fast-phase amplitude, at least within the range of fast-phase amplitudes we were able to elicit (typically no more than 25-30°). Dark-reared and control animals exhibited equivalent velocity/amplitude slopes averaging 24.7 Ϯ 1.1 versus 24.1 Ϯ 1.3/sec (mean Ϯ SD) for abduction and 27.4 Ϯ 1.1 versus 27.7 Ϯ 1.0/sec for adduction. Differences between test and control animals were not statistically significant ( p ϭ 0.32 and 0.60, respectively; two-tailed unpaired t test). On the other hand, the higher speed of the adducting fast phases was statistically significant for both animal groups ( p Ͻ 0.0001 and p ϭ 0.00012, respectively; two-tailed paired t test).
Results

Effects of dark rearing on eye movements
Dark rearing induced mild but consistent abnormalities of horizontal aVOR and OKR. In the dark-reared animals aVOR gains at 0.2, 0.4, and 1.6 Hz, respectively, averaged 0.04 Ϯ 0.02, 0.17 Ϯ 0.07, and 0.52 Ϯ 0.10. In contrast, the control animals yielded gains of 0.29 Ϯ 0.12, 0.63 Ϯ 0.11, and 0.77 Ϯ 0.10. The inter-group differences were significant at 0.0001 or better for all three of the stimulus frequencies. The degree to which the phase of eye velocity led head velocity was also abnormally large in the dark-reared group. For example, at 0.4 Hz the phase lead averaged 45.5 Ϯ 13.6°versus 17.2 Ϯ 3.0°for the dark-reared and control groups, respectively ( p ϭ 0.0003). The corresponding phase values at 0.4 Hz correlated significantly with gain for the dark-reared, but not for the control, animals (regression slope, m ϭ 160.9°, r 2 ϭ 0.653, p ϭ 0.015 for the dark-reared group vs m ϭ 20.0°, r 2 ϭ 0.503, p ϭ 0.115 for controls). Figure 2 shows the OKR speed tuning curves for the two groups. Control animals exhibited optokinetic gains that neared 0.8 at the lowest drum speeds, declining steadily at stimulus Figure 1 . Absolute value of peak velocity of fast phases (generated by slow rotation of the animal in the light) plotted versus amplitude for 123 fast phases collected in one recording session from a typical dark-reared animal (DR). Linear regression fits (forced to pass through the origin) and associated correlation coefficients are superimposed (solid lines). The confidence interval (Ϯ2 SD) for normal humans (Baloh et al., 1975) also is included (dashed lines) for reference. Velocity/amplitude relationships for both dark-reared and control animals exhibited a high degree of linearity and uniformity.
speeds above 5°/sec. OKR gain was reduced in the dark-reared group, most noticeably at the lower drum speeds. Averaging the gains in response to leftward and rightward drum rotation at 5°/sec yielded values of 0.50 Ϯ 0.13 for the light-deprived and 0.66 Ϯ 0.08 for the control animals ( p ϭ 0.015). OKR gains for Ϯ 5°/sec and VOR gains for 0.4 Hz stimulation tended to correlate positively in dark-reared animals (m ϭ 1.2, r 2 ϭ 0.404, p ϭ 0.09), but not in controls (m ϭ Ϫ0.38, r 2 ϭ 0.272, p ϭ 0.289).
Effects of dark rearing on oculomotor gene expression profile
We determined the effect of dark rearing on the gene expression profile of mouse oculomotor nuclei with high-density oligonucleotide microarrays that interrogate 12,451 genes and ESTs. Of these, 51.8 Ϯ 0.8 and 52.2 Ϯ 1.0% were present in the samples from control and dark-reared mice, respectively. Data analysis was conservative; only those genes with the same present/absent call in all replicates were considered. Thus the fraction of genes consistently identified as present was 47% in both groups: 5872 and 5928 for control and dark-reared, respectively. The high proportion of present calls is also an indication of good sample quality. Changes were considered valid only when the same qualitative result (increase or decrease call with p Ͻ 0.05) was obtained in all pairwise comparisons and when the average fold difference value was Ն2.
Overall shift in gene expression
The expression of 132 genes and ESTs was altered by dark rearing; 106 were upregulated and 26 downregulated (Fig. 3A) . For descriptive purposes products were assigned to categories on the basis of their known function as determined by literature and gene ontology database searches: 7% were related to the cytoskeleton, 13% to metabolism, 10% to synaptic function and excitability, 20% to signal transduction, and 11% to gene transcription and translation; 14% did not fit these classes or were unknown, and 25% were ESTs (Fig. 3B) . Importantly, the results did not determine which genes, clusters, or functional classes may be mechanistically more important to achieve the final transcriptome. The complete list of genes and ESTs changed by dark rearing is available as supplemental data (Table S2 ; available at www. jneurosci.org). PCA identified two components: the first component was an average expression weighted by the overall experimental variance (r 2 ϭ 0.83); the orthogonal second component explained the treatment variance (r 2 ϭ 0.17). Plotting the genes against the two principal components gave an ellipse including 100% of the genes; no groups could be identified (data not shown). This unimodal distribution of expression in the two dimensions given by the principal components indicated that the genes do not fall into well defined clusters.
Gene expression patterns
Thirty-one genes that responded to dark rearing have been reported previously to participate in neuronal development and plasticity in other sensory and motor systems. Table 1 presents this subset of genes in bold typeface. Most of these genes were upregulated by dark rearing. Although they share the common developmental thread, the genes were assigned to different functional categories on the basis of the information from the gene ontology databases, with the majority being involved in signal Values are based on average fluorescence intensity differences between the control and dark-reared groups (n ϭ 3 microarrays per group). Changes in expression are color-coded: relative gene expression levels increase from blue to red; genes upregulated by dark rearing go deeper into yellow and red. B, Chart illustrating the proportion of genes for which the expression was altered by dark rearing in the respective functional categories. Assignment was based on information from public access gene ontology databases.
transduction and the control of gene translation and transcription. Five genes with increased expression are related to apoptosis and cell proliferation: CAS9, GAS2, JNK1, 14-3-3, and WB-SCR9. Dark rearing also upregulated the expression of cytoskeletal proteins (KIF5A and KIF5C) and decreased mitochondrial markers such as ubiquitous mitochondrial creatine kinase. KIF5 isoforms appear in mouse oculomotor nuclei (cranial nerves 3, 4, and 6) at 2 weeks of age and seem to be important for the preservation of motor neurons (Niclas et al., 1994) . This is also the proposed function for GFRA2 in oculomotor neurons (Hashino et al., 2001) .
Genes involved in cell-cell interactions and myelination also were affected by dark rearing: CLDN 11 and desmocollin 2, which exert a positive effect on these processes, were downregulated; the antagonistic cytohesin-1 was upregulated. Other markers typical of neuronal development and proliferation were upregulated in the oculomotor nuclei from dark-reared mice: GLUT3, NOS1, ARNT2, TBR1, NRF1, RIP15, POLR2A, WNT7B, and ZNF179. Similarly, 11 genes previously found to be related to synaptic organization and function were upregulated by dark rearing. These included genes coding for the cytoskeletal scaffold that participates in the intracellular movement of synaptic vesicles (KIF1B␤) and the vesicle-associated proteins VAMP1, VAMP3, and synaptobrevin 1. Syntaxin, the binding partner for synaptobrevin in the presynaptic membrane, also was detected at higher levels in the dark-reared group. Finally, dark rearing increased the expression of the vesicletrafficking regulators ARF3 and ARF1.
To confirm the microarray data, we analyzed 15 of the genes listed in Table 1 (ϳ11% of the 132 genes changed) by qPCR; the results are included as an additional column in the same table.
Fourteen genes showed the same qualitative response by qPCR; however, we were unable to confirm the microarray result for ARF3 (1.8-fold increase by qPCR; p Ͼ 0.05). On the basis of the statistical analysis, we would expect that 5% of genes determined to be altered by dark rearing would be false positives. The qPCR data confirmed 14 of 15 genes that were studied, giving a false positive rate of Ͻ7% and reinforcing the confidence on the robustness of the microarray results.
Effects of dark rearing on extraocular muscle function
Abnormal visual experience alters some functional and biochemical properties of the extraocular muscles, the final motor component of the ocular motor system (Lennerstrand and Hanson, 1979; Brueckner and Porter, 1998) . To determine whether the motor deficits observed in the in vivo eye movement studies reflected changes in the functional properties of the extraocular muscles, we evaluated the contractile characteristics of these muscles. Dark rearing altered the contractile properties of mouse extraocular muscles: the maximal tetanic force (P 0 ) that muscles can generate decreased by ϳ11% (5.3 Ϯ 0.2 vs 4.7 Ϯ 0.1 Newtons/cm 2 for control and dark-reared groups, respectively; n ϭ 10 muscles/group; p Ͻ 0.001), and the maximal velocity of unloaded shortening (V 0 ) decreased by almost 20% (Fig. 4) . A very intriguing finding was the peculiar response of most extraocular muscles from dark-reared mice to a standard in vitro fatigue protocol. When muscles are stimulated repeatedly with submaximal stimulation frequencies (not fully fused tetani), force typically increases during the first few minutes (potentiation) and then decreases monotonically, as demonstrated for the control extraocular muscles (Fig. 5A) . In this study only one extraocular muscle from the dark-reared group presented this fatigue pattern (black circles, Fig. 5B ). Two muscles in this group had dramatic drops in force production early in the fatigue protocol and remained at this depressed level for the remainder of the fatigue protocol (e.g., white triangles in Fig. 5B ). Most extraocular muscles in the light-deprived group (7 of 10 muscles) presented seesaw fluctuations in force production during the fatigue protocol (e.g., line in Fig. 5B ). It is important to note that these were not force oscillations during a single contraction; rather, the data represent peak forces produced during separate contractions. Therefore, each tetanus during these episodes had a normal appearance; this is illustrated in Figure 5C , which shows original records of tetani at specified time points during the fatigue protocol. The amplitude of the tetani changed over time in a seesaw pattern, the force generated at the conclusion of the fatigue protocol by the dark-reared muscles showing this pattern was greater than for the control muscles (58.7 Ϯ 2.6 and 52.5 Ϯ 1.6% of initial dark-reared vs control; p Ͻ 0.05).
Discussion
Dark rearing explores the experience-dependent plasticity in the visual system (Berardi et al., 2000) . This study is the first to use this intervention to determine the effects of abnormal sensory input on the gene expression profile and function of the murine ocular motor system. Our findings indicate that light deprivation early in life alters central and peripheral ocular motor function and shifts the gene expression pattern of oculomotor nuclei to a profile consistent with delayed or arrested maturation.
Light deprivation alters ocular motor function
Recordings of aVOR and OKR indicated that dark-reared mice retain the eye movements that stabilize the visual world on the retina, preventing degradation of vision during movements of the head in space. aVOR and OKR gains were reduced, as has been reported in the dark-reared rabbit, the only other afoveate species in which the functional effects of dark rearing have been explored (Collewijn, 1977a; Favilla et al., 1984) . Unlike the rabbit, the mouse exhibited an abnormally large phase lead in the aVOR. The greater lead might arise if the brainstem neural integrator [responsible for generating the tonic firing rates required to maintain stable eccentric eye positions and offsetting phaseleading tendencies of the aVOR circuit (Skavenski and Robinson, 1973; Robinson, 1981) ] fails to develop normally in the absence of visual feedback. The reduction of OKR and aVOR gains is evidence that dark rearing altered ocular motor function, although the qualitative preservation of compensatory eye movements indicates that this intervention did not derange the underlying neuronal circuitry entirely. VOR preservation indicates that Figure 4 . A, Plot of the amplitude of the shortening step versus the time to take up the slack and redevelop force. Extraocular muscles from dark-reared mice (DR; black circles) had longer times than muscles from control animals (Control; white circles); therefore, the linear regression of the DR data points (dashed line) has a lower slope (slower V 0 ) than the regression through the control points (solid line). B, Mean V 0 is faster in extraocular muscles from control mice than in dark-reared (DR) mice; n ϭ 10 muscles/group. *DR significantly different from control, p Ͻ 0.001. mice moved their eyes throughout the dark-rearing period; the in vivo findings cannot be attributed to simple disuse of the extraocular muscles. Moreover, the reduction in OKR and aVOR gains is probably not attributable to contractile deficits because nystagmus fast phases, which require greater muscle force (see below), exhibited normal velocity/amplitude characteristics.
Rapid eye movements such as saccades and fast phases of nystagmus make the greatest demands on the extraocular muscles in terms of peak force levels, a consequence of the viscoelastic properties of the eyeball and orbital tissues (Leigh and Zee, 1999) . Normal rapid eye movements exhibit a tight relationship between peak eye velocity and eye movement amplitude ("velocity/ amplitude" or "main sequence" relationship). Functionally significant reductions in contractility would be expected to manifest first as a slowing of saccades, detected in these experiments as a reduction in the slopes of the velocity/amplitude relationships. However, despite the in vitro alterations in extraocular muscle function demonstrated above, there was no change in the velocity/amplitude slopes. Absence of change may be explained in several ways. First, the alterations observed in vitro may not apply when extraocular muscles are activated naturally in vivo. Second, the in vitro alterations may be of insufficient magnitude to drop force below the level normally developed during fast phases of nystagmus. Third, adaptive modifications in the neural circuitry underlying fast phases may compensate for contractile defects. Choosing between these possibilities requires further study of the mechanical properties of the mouse orbit as well as recordings of motoneuron firing rates during fast phases.
To our knowledge this is the first report of velocity/amplitude relationships in the mouse. As in other species that have been studied, peak velocity and amplitude of fast phases were tightly correlated. The relationship was linear as opposed to saturating. Peak velocities in the mouse possibly could saturate at amplitudes higher than we were able to elicit, but the departure from linearity probably lies well above the values reported in other species. The confidence intervals in Figure 1 indicate that peak velocities in humans depart from a linear relationship above 200°/sec. The linear range in the rabbit extends to ϳ35°, corresponding to ϳ400°/sec (Collewijn, 1977b) . In contrast, we commonly recorded mouse fast phases with peak velocities in excess of 500°/sec that fell on the linear velocity/amplitude relationship.
Light deprivation delays oculomotor maturation
Genome-wide expression profiling demonstrated that dark rearing induces a state of flux in the oculomotor nuclei; genes preferentially expressed during neuronal development and plasticity were upregulated (Fig. 3, Table 1 ). By combining the microarray studies with in vivo and in vitro assessments of ocular motor function, we achieved a more integrative view of how the ocular motor system responds to abnormal sensory input during the critical period. The physiological data indicated that dark rearing impaired extraocular muscle function and the "tuning" of neural mechanisms underlying compensatory eye movements. The upregulation of genes known to be related to neuronal plasticity might reflect a process by which central mechanisms compensate for the peripheral abnormality. Alternatively, absence of visual experience simultaneously could thwart the acquisition of normal eye movement tuning and perpetuate an immature and unstable transcriptome by preventing the achievement of the adult state.
The power of genome-wide expression profiling lies on the detection of pattern shifts, not on measuring changes in selected genes. Our data do not indicate which genes, clusters, or functional classes may be mechanistically more important to achieve the final state. However, the use of multiple samples per treatment, a focus on the overall pattern, and a conservative data analysis strategy give confidence in the robustness of the results. In addition, we independently confirmed the expression changes of 15 of 132 altered genes by qPCR. Still, limitations inherent in the experimental design need to be acknowledged. First, we do not know how the oculomotor gene expression profile evolved during the 8 weeks of dark rearing. Our study provides a snapshot of the final result; hence it is beyond its scope to resolve whether experience-dependent genes guide the establishment of the normal adult profile. The same limitation applies to the eye movement studies: at what point ocular motor function becomes abnormal in dark-reared animals cannot be determined. The dimensionality of the gene expression profile could not be reduced statistically; PCA did not identify gene groups that may Figure 5 . A, Changes in force during fatigue for control extraocular muscles (n ϭ 10). Data are mean force Ϯ SEM determined every 30 sec for the duration of the fatigue protocol. B, Responses to fatigue of the extraocular muscles from dark-reared mice. Data are peak force of tetani measured every 10 sec. One pattern was similar to the typical response of control muscles (one muscle, black circles). Another pattern (two muscles, white triangles) was an early large force drop to a low plateau. The most common pattern (7 of 10 muscles) was fluctuations in force amplitude (seesaw). This pattern is exemplified by the black line showing the response of one muscle. C, Original records of tetani at selected time points during the fatigue protocol of an extraocular muscle from a dark-reared mouse. Tetani demonstrate the seesaw pattern of force amplitude seen in most extraocular muscles from this group.
have influenced the variance to a greater extent than others. Still, the emerging pattern presented by our data is one of a plastic system that potentially could continue to full adult status with the restoration of normal lighting conditions.
Light deprivation alters extraocular muscle function
Functional deficits
Dark rearing induced a 10 -20% decrease in P 0 and V 0 of mouse extraocular muscles. Because the mice were moving freely in their cages during the 8 wk duration of dark rearing, their eyes must have moved in response to vestibular stimuli; in consequence, the contractile deficits were not likely attributable to disuse atrophy. As previously mentioned, it may seem surprising that the loss of muscle force and speed did not alter peak eye velocity in vivo (Fig.  1) , but it must be realized that the in vitro measurements define only the functional limits of the extraocular muscles; such extremes may not be required in the intact animal to execute fast phases with normal velocity/amplitude relationships. In other words, there is excess contractile capacity that is not taxed by the eye movement behaviors that were tested. For example, P 0 is the force produced by fully fused tetani in response to supramaximal stimulation frequencies. However, motor systems work at frequencies much lower than these (Hennig and Lømo, 1985) . If dark rearing results in weaker motor units, this deficit could be offset by increasing stimulation frequency and/or motor unit recruitment. The difference between in vitro activation and natural recruitment of extraocular muscle fibers also may explain the lack of an in vivo correlate for the impaired V 0 . In heterogeneous muscles, such as the extraocular muscles, V 0 is a measure of the speed of shortening of the fastest muscle fibers present (Claflin and Faulkner, 1985) . In the extraocular muscles these fibers should be those expressing the ultrafast extraocular musclespecific myosin isoform, i.e., the orbital singly innervated fibers (OSIF). But OSIF may not govern peak eye velocity in vivo, based on observations that impaired OSIF function does not alter eye movement velocity (Stahl et al., 1998) .
Contractile failure during fatigue
Most extraocular muscles from dark-reared mice generated fluctuating force during the fatigue protocol. These variations occurred on a time scale of seconds; the waveform of individual tetani was normal (Fig. 5C ). This phenomenon resembled fastonset short-term "high-frequency" fatigue (Westerblad et al., 1991) . Alternating changes in force amplitude may represent episodes of activation failure in selected fibers that occurred as fatigue set in and likely are attributable to loss of sarcolemmal excitability. In other words, these extraocular muscle fibers became temporarily unexcitable, causing rapid drops in force. Once the fibers "rested" and regained excitability, force rebounded rapidly. The two extraocular muscles in the dark-reared group with early force decreases (e.g., white triangles in Fig. 5B ) may be extreme examples of the same phenomenon; the fibers did not recover and force remained depressed for the duration of the protocol. These results suggest that dark rearing altered the excitability of extraocular muscle fibers.
Conclusion
This study is the first to demonstrate the effects of sensory deprivation on murine ocular motor function and gene expression. Our data indicate that visual experience early in life is necessary for the normal development of the mouse ocular motor system and its motor plant. Dark rearing induces a genetic state of arrested/delayed development in oculomotor nuclei and a failure to acquire a normal pattern of compensatory eye movement dynamics. However, the ocular motor system still can compensate for altered extraocular muscle function. The arrested development may indicate that vision is required for the achievement of an adult transcriptional pattern, or it may reflect an ongoing process by which the brain attempts to compensate for abnormal extraocular muscles.
